Precursors to the seismic core phase PKP have long been used to study small-scale heterogeneities at the base of the mantle. They are preferred to PKP coda waves (post-cursors) because the latter are more biased by shallow structure, and so are cruder probes of the deep Earth. In this work, however, we present an array-based analysis of PKP coda waves that provides a unique opportunity to image small-scale structure in the deep mantle. Seismograms of a Peru earthquake recorded by an array of broad-band seismometers in Tibet show strong coda waves following PKP Cdiff . The coda waves are strongest for distances of 154
I N T RO D U C T I O N
Precursors to the core phase PKP were observed in the shadow zone as early as 1934 (Gutenberg & Richter 1934) , but debate has continued until the present on their origin and implications. Early studies of the precursors favoured the presence of a transition layer between the outer and inner cores (Bolt 1962; Sacks & Saa 1969) . The first challenge to this idea came from Doornbos and Husebye's array-based observations that the traveltimes and slownesses of the precursors were inconsistent with the transition layer interpretation (Doornbos & Husebye 1972) . Moreover, Cleary & Haddon (1972) showed that the theoretical traveltime curve of singly scattered waves generated by irregularities near the core-mantle boundary (CMB) was consistent with the observations of traveltime and slowness. By adapting Chernov's acoustic scattering theory (Chernov 1960) to elastic media, Haddon & Cleary (1974) first computed scattered amplitudes due to volumetric inhomogeneities and showed that random heterogeneities of 1 per cent variation in seismic velocity and density throughout a 200 km thick D can explain the observed energy level of precursors. Later computations of the amplitude of scattered waves due to an irregular CMB topography by Doornbos (1978) indicated that a few hundred meters in height would also produce the observed energy level, a result confirmed by Bataille & Flatte (1988) .
Although it is now generally accepted that PKP precursors are generated by the scattering of volumetric inhomogeneities in the mantle or CMB topography (Bataille et al. 1990) , the debate about their distribution and properties, and what they imply about the Earth, remains active. Small-scale weak heterogeneity (1 per cent rms. velocity variation) uniformly distributed throughout the mantle is supported by the modelling of PKP precursor amplitudes (Hedlin et al. 1997) . However, anomalously large PKP precursors from earthquakes in northern Tonga indicate much stronger regional heterogeneity (10-15 per cent rms. velocity variation) in a layer about 60 km thick near the CMB, supporting the presence of partial melt (Vidale & Hedlin 1998) . PKP precursors sampling the ultralow velocity zone (ULVZ) at the CMB beneath the Western Pacific also support the presence of partial melt in a region 60-80 km in height, with at least 7 per cent rms. velocity perturbation (Wen & Helmberger 1998) . However, not all heterogeneity in the lower mantle is thought to be related to partial melt, for example, an analysis of PcP precursors in the North Atlantic indicating the existence of small-scale heterogeneities with weak positive velocity anomaly in the lowermost mantle, is consistent with chemical heterogeneity (Braña & Helffrich 2004) .
Precursors to PKP have been frequently used to study the smallscale structure of the deep Earth because they are not contaminated by late-arriving scattered waves created by shallow structures. The utility of post-cursors to PKP (coda waves) has also been investigated although it is a less sensitive probe for inferring mantle heterogeneity. Hedlin & Shearer (2002) analysed PKP recordings filtered in the bandpass from 0.7 to 2.5 Hz at distances from 120
• to 145
• and concluded the existence of small-scale heterogeneities with 1 per cent rms. velocity variation throughout the lower mantle. However, the coda arrivals did not strongly constrain the vertical distribution of heterogeneity in the mantle because of the large standard errors of their stacked data, presumably caused by interference with the energy scattered from shallower depth. Nakanishi (1990) observed PKP Cdiff coda waves from a deep earthquake at a seismic array in Japan and pointed out the complicated frequency-dependent phenomenon of PKP Cdiff coda waves. He found a slowness of the coda waves of ∼4 s deg −1 , which is approximately equal to that of PKP AB , and interpreted them as the scattering from the upper mantle (about 650 km). More recently, Tanaka (2005) presented characteristics of PKP Cdiff coda waves from the small-aperture array short-period stations of the International Monitoring System. He observed wide range of slownesses for the PKP Cdiff coda waves, and interpreted the coda waves with slowness larger than 2 s deg −1 as scattering from the CMB under the source side and receiver side, although an ICB origin could not be ruled out.
Here we present an analysis of a high quality PKP Cdiff record section recorded by a temporary array of broad-band seismometers in Tibet (INDEPTH-III, International Deep Profiling of Tibet and the Himalaya Phase III). The seismograms were generated from a deep Peru earthquake and show enormous PKP Cdiff coda waves at distances of 154.7
• -157
• . Combined modelling of the traveltime, The ellipse marks the region at the CMB where partial melt is likely to exist, and the heavy black curves represent the great circle path (theoretically, the seismic ray path) from the events to the array. The circle with 'AR' inside is the surface location of the Atlantic ridge plume (from Montelli et al. 2004) . The upper left insert shows the detailed possible location of the partial melt at the CMB, in darker grey for PREM, lighter for PREM2, and lightest for AK135. The lower right insert shows the configuration of the INDEPTH-III array.
horizontal slowness, amplitude, and frequency content of the coda waves leads to a precise estimate of the location and properties of the anomalous earth structure responsible for creating the coda waves.
DATA
The INDEPTH-III array consisted of 54 broad-band and short period seismometers deployed from 1998 August to 1999 May (Fig. 1) . The stations were arranged in a linear geometry with interstation spacing of about 10 km, and were well positioned to record PKP waves from earthquakes in the South America subduction zone. One earthquake with moment magnitude 6.1 in Peru (event 981008 in Fig. 1 ) in particular showed clear PKP Cdiff waves followed by prominent coda waves at distances of 154.7
• − 157 • (Fig. 2) . For an event at this depth the C-cusp of the PKP traveltime curve occurs at approximately 152.6
• in PREM (Dziewonski & Anderson 1981) , and past this point geometric ray theory predicts no arrivals. However, calculations using full wave theory show that significant diffracted energy exists well past the C-cusp, even at relatively high frequencies (Cormier 1981) .
We selected those broad-band recordings of PKP Cdiff with high signal-to-noise ratio (SNR), and applied different bandpass filtering to the waveforms. We found that the amplitudes of these coda waves decrease for longer periods: they are clearly seen above 0.5 Hz and are not seen at lower frequencies. In Fig. 2 we present a vertical component record section in a higher frequency passband (0.33-0.67 Hz) and a lower frequency passband (0.067-0.133 Hz). Note that at the lower frequencies the PKP Cdiff coda waves essentially disappear and after about 157
• the coda waves disappear even in the higher frequency band. It is important to point out that we do not see 
R AY PA R A M E T E R O F PKP Cdiff C O D A
In order to identify the origin of the high-frequency coda following PKP Cdiff (Fig. 2) , we used a slant stack analysis. First, we aligned all of the traces with cross-correlation over the PKP DF time window. We then fixed the backazimuth at the theoretical value and made stacks for various values of the differential ray parameter. We chose a third order phase-weighted stack (PWS) method to reduce the incoherent noise in the array recordings (Schimmel & Paulssen 1997) . Because of the high SNR of the data and the relatively large aperture of the array, we have very good resolution in slowness, and the relatively small differences in ray parameter among the PKP waves are readily apparent (Fig. 2) . The slant stack clearly shows two separate peaks for PKP Cdiff and its coda above 0.5 Hz, while at low frequencies it shows a peak only at the time of PKP Cdiff . Note that the differential ray parameter of the PKP Cdiff coda (0.84 s deg −1 ) is very close to the differential ray parameter of PKP Cdiff (0.94 s deg −1 ), and much smaller than the differential ray parameter of PKP AB (3.07 s deg −1 ). This suggests that the coda waves following PKP Cdiff are not simple precursors to the minimax phase PKP AB .
To quantify the resolution of the slowness estimates we applied a bootstrap-type resampling algorithm (Tichelaar & Ruff 1989) . We randomly resampled the array elements with replacement, generating a pseudo-array with the same number of traces as the true array. We then performed a slant stack and found the optimal arrival time and differential ray parameter for each phase. Repeating this process 100 times, we generated a population of pseudosolutions that was in turn used to estimate standard errors (1σ ) for the Fig. 1) . From both the waveforms and the slant stack analysis, there is a lack of energy for the PKP Cdiff coda even though the PKP Cdiff itself is very strong. actual solutions. The differential ray parameter of PKP DF is 0.00 ± 0.03 s deg −1 (since we used PKP DF as the reference phase) and the arrival time is 1183.15 ± 0.04 s at the array reference distance of 155.4
• . The differential ray parameter of PKP Cdiff is about 0.94 ± 0.06 s deg −1 at a time of 1192.55 ± 0.06 s, and the differential ray parameter of the PKP Cdiff coda is 0.84 ± 0.06 s deg −1 at a time of 1198.80 ± 0.07 s. To test the robustness of these results we varied the backazimuth by ± 5
• and repeated the estimation process. The optimal differential ray parameters changed by less than 0.06 s deg −1 and had error bounds similar to those described above. We also experimented with stacks created by varying the backazimuth for a constant differential ray parameter. Using a similar bootstrap process we estimated the backazimuth of both PKP Cdiff and its coda to be 307 ± 8
• , essentially indistinguishable from the theoretical backazimuth of 308
• used in making the ray parameter estimates.
T H E O R I G I N O F T H E P K P C diff C O D A
To rule out the possibility that the PKP Cdiff coda waves are due to source complexity, we obtained an empirical source time function (ESTF) using the first eigenimage technique (Ulrych et al. 1999) on 15 teleseismic (63 • -70 • ) recordings with high SNRs. The first eigenimage represents the most coherent signal from trace to trace and so it is a good estimate of the source time function after excluding later phases (Bostock & Rondenay 1999) . We found a relatively simple ESTF for the event and no prominent energy within 10 s of the first arrival. As a comparison, we stacked all the traces after aligning them according to PKP DF , PKP Cdiff and PKP AB , respectively. Comparing the four waveforms, only PKP Cdiff shows a prominent coda (Fig. 5) . Therefore, the PKP Cdiff coda is not due to source complexity, and is unrelated to heterogeneity near the source or the receivers. We also note that convolving the ESTF with a synthetic record section calculated by full wave theory (Cormier & Richards 1988) for a radial earth model does a good job of reproducing the observed PKP phases, excepting the anomalous coda waves (Fig. 6) .
We investigated the origin of the PKP Cdiff coda using ray theory (therefore, we restrict the modelling to high frequencies) to compute the traveltime, amplitude, and slowness of waves scattered inside the Earth from various hypothetical locations. The basic idea is to consider potential point scatterers in a region, propagate a downgoing ray from the source to each scatterer, and then propagate an upgoing ray from each scatterer to the receiver. In general, the ray parameter changes after the ray interacts with the scatterer, and we determined appropriate values to reach the receiver using precomputed lookup tables relating depth, distance, and ray parameter, that were calculated for a spherical earth model PREM (Dziewonski & Anderson 1981) . Given the appropriate ray parameter, we calculated the traveltime and the amplitude by numerically integrating the corresponding expressions (Červený 2001), which include the attenuation and geometrical spreading. We tested various schemes and found that use of the trapezoid rule with a step of 0.1 km gave accurate results. We accounted for the amplitude variations in the downgoing rays induced by the radiation pattern of the earthquake using standard relations (Aki & Richards 2002 ) and the Harvard CMT solution (see www.seismology.harvard.edu/CMT). The change in amplitude during the scattering process can be estimated by using an equivalent reflection coefficient, obtained from the propagation of an elastic wave in a heterogeneous medium (Wu & Aki 1985a,b) :
where θ is the scattering angle, ω is the angular frequency, a is correlation distance, α 0 is the background medium velocity, and δα is the P-wave velocity variation in the heterogenous medium. Here we have assumed an exponential autocorrelation function, which is commonly made in modelling crustal heterogeneity (Sato & Fehler 1998) . Continuing to consider only the relative amplitude variation among hypothetical scattered waves, we held all the variables on the right-hand side of eq. (1) constant, and calculated g PP based on the value of θ that was appropriate for the change in ray parameter. In practice, this amplitude variation is small because our particular geometry is close to forward scattering (θ ≈ 14
• ), but we nevertheless included it in our calculations. Finally, we projected the amplitude of the resulting upgoing wave in the vertical direction and accounted for the free surface effect (Červený 2001).
We computed the effect of a volumetric scattering by ray tracing for the rays that leave the source to the scattering region (prescattering). Then, they interact with the scatterer by means of the apparent reflection coefficient mentioned before. Finally, we send the rays towards the receiver through the post-scattering ray (also using ray tracing techniques). In Fig. 7 , we present the results of these calculations assuming that the causative scatterer is located just above the CMB and somewhere along the great circle path (i.e. in the sagittal plane). The scatterer produces four new core phases: P.PKP DF , P.PKP CD and P.PKP BC in analogy with the normal PKP branches (Fig. 7a) , as well as a retrograde version of P.PKP DF , which is not presented in Fig. 7 . There are significant differences in the relative amplitudes of the scattered waves, with the post-critical reflection from the ICB (P.PKP CD ) being the largest (Fig. 7b) . By matching the observed P.PKP CD -PKP DF differential traveltime with our numerical predictions we find a unique location for the scatterer, that also predicts a P.PKP CD -PKP DF differential ray parameter that matches our observations (Fig. 7c) . This interpretation is supported by two additional observations. First, for our sourcereceiver geometry, P.PKP CD only exists to a distance of 156
• -158
• ; afterwards it begins to diffract and quickly loses energy. The precise distance of the cusp depends somewhat on the assumed reference earth model. This then explains the sudden decrease of the observed PKP Cdiff coda waves past about 157
• (Fig. 2) , as well as the lack of significant PKP Cdiff coda waves for two neighbouring earthquakes that generated PKP waves across the INDEPTH-III array at slightly larger distances (Figs 3 and 4) , although it is also possibly because they sample slightly different area at the CMB. Second, note that the PKP Cdiff coda wave has a shape much more similar to PKP AB than the other pulses. PKP AB passes through a caustic and so picks up a phase shift of 90
• (Hilbert transform) with respect to the source pulse. It is expected that P.PKP CD , being a post-critical reflection, would have a significant phase shift as well, and in fact the computed value is 83
• . Under the above assumptions, the geographical location of the scattering region is about 20
• from the epicentre, roughly at 0.2 • S and 56.9
• W, beneath the Amazon basin. The precise distance along the great circle path depends on the assumed 1-D reference model, and the distance off the great circle path is bounded by the observed uncertainties in the backazimuth of P.PKP CD . These constraints define an annular segment just above the CMB as shown by the ellipse in Fig. 1 . Unfortunately, there is still a trade-off involving the exact depth of the scattering region. For instance, the differential traveltime and slowness observations of P.PKP CD can be equally well explained by placing the scattering region simultaneously at shallower depths (up to about 1100 km above the CMB) and smaller epicentral distances (down to 10
• ). However, we are confident that the scattering region is indeed located on the source side of the lower mantle. Any location on the receiver side of the lower mantle will produce large differential ray parameters at the appropriate time. Placing the heterogeneity at the inner core boundary would require a P wave to travel for almost 60
• as a diffracted wave in order to arrive at the receiver with the appropriate time as in the data. In this case, the energy (especially the higher frequency contents) would be strongly attenuated, which is inconsistent with our observations. Locating the scatterer in the upper mantle would lead to the appearance of scattered phases after every direct PKP arrival, again inconsistent with our observations.
Further insight on the nature of the scattering region can be gained by considering the relative amplitude of P.PKP CD . Assuming a random inhomogeneous medium and the single scattering approximation (Wu & Aki 1985a; Cormier 1995) , the directional scattering coefficient, g PP , is related to the observed scattered wave amplitude, A, by:
where G(r) is the geometric spreading with r as the total travelled distance, V is the scattering volume, and A 0 is the amplitude of the incident wave. In our case, the scattering angle, θ , is about 14 • , the correlation distance, a, is about 10 km and the angular frequency is 2π. The geometrical spreading factor, G(r), is obtained from the usual ray techniques (Červený 2001) . Plugging in these values, eq. (2) can be combined with eq. (1) to yield a relationship with just two free parameters: the scattering volume V and the rms. P-wave velocity contrast δα/α 0 . To remove uncertainties in the source and receiver effect, as well as the instrument response, we computed the amplitude ratio between P.PKP CD and PKP DF . At an epicentral distance of 156
• , the observed amplitude ratio between P.PKP CD and PKP DF is about 0.43 and corresponding theoretical amplitude ratio is 4.309 × 10 −4 (δα/α 0 ) 2 V with V and δ α/α 0 unknown. Equating the observed and theoretical values we get an implicit relation between V and δα/α 0 (Fig. 8a) .
Based solely on Wu and Aki's work (Wu & Aki 1985a,b) , there is always trade-off between the scattering volume and the velocity perturbation: a bigger scattering volume needs a smaller velocity perturbation to generate the same amplitude of the scattered wave; however, a large scattering volume should lead to a relatively long wave train of coda. For a small region, only a few rays will be able to sample it producing a smaller duration of the coda wave. Using a trial-and-error method, we computed synthetic envelopes for different suitable combinations of scattering volume and velocity perturbation, by considering all the possible downgoing rays that were able to reach the heterogeneous medium and then arrive at the station. We assumed a cylindrical shape for the scattering region, and convolved in the ESTF with each terminal arrival before taking the envelope. Comparing the synthetic envelopes with the data (Fig. 8b) , our best estimate of the velocity perturbation is about 18-31 per cent, corresponding to an equivalent radius of ∼150 km, if we imagine that the scattering volume is a cylinder with equal radius and height. It is important to point out that the way we calculate the synthetic envelopes is very rough since we do not know the shape of the anomalous region. However, under the single scattering theory, we believe the anomaly is very strong, with P-wave velocity perturbation at least ∼15 per cent.
C O N C L U S I O N S A N D D I S C U S S I O N S
The magnitude of the velocity perturbation we infer is too large to be explained by chemical heterogeneity, and instead requires the existence of partial melt (Williams & Garnero 1996) . Furthermore, because at high pressure silicate melt is denser that the surrounding solid matrix (Rigden et al. 1989) , it is unlikely that the scattering region we observe could exist anywhere except near the CMB. Here it has been suggested that dense partial melt raining down from above may be trapped by cumulus crystal growth (Rost et al. 2005) . Partial melt at the CMB can also be caused by other means, such as enhanced heat flux from the core or viscous heating (Steinbach & Yuen 1997 , and its existence has been confirmed by experimental high pressure studies (Holland & Ahrens 1997; Zerr et al. 1998) . Hence, our preferred model is a partially molten region in the lowermost mantle beneath the Amazon River basin with a P-wave velocity reduction of at least ∼15 per cent. The precise shape of the region is virtually unconstrained, and it could be thin and broad in analogy with previously documented ULVZs.
The location of the scattering region found in this study (0.2 • S and 56.9
• W) is close to the newly discovered Atlantic Ridge plume (Montelli et al. 2004) at 12
• N, 45
• W. In that study, finite-frequency tomography results indicated the existence of a plume to a depth of at least 1900 km, however resolution was lost at deeper depths. And their 3-D image showed the plume tilted towards the southwest as it goes deeper (see fig. S1 in their online supplemental material). Because the plume is rising in the convective mantle, it is expected that the plume may be tilted by the 'mantle wind' on its way up (Olson & Singer 1985) . Global mantle convection models predict that the plume root can be offset horizontally more than 1000 km away from its surface location (Steinberger & O'Connell 1998) . Therefore, the Atlantic Ridge plume may actually originate at the CMB beneath the Amazon River basin, and tilt towards the northeast while it rises. A recent S-wave tomographic study (Montelli et al. 2006) confirmed its tilt direction (see their fig. 15 ), which is consistent with the result from P-wave tomography. Although no surface hotspot fed by this plume has been reported, a suggestion about an axial hotspot around this area has been made (Sleep 2002) .
This interpretation is consistent with similar seismic findings , suggesting a link between extreme heterogeneity at the base of the mantle and upwelling plumes. For example, partial melt inferred to exist at the CMB north of Tonga (Vidale & Hedlin 1998; Wen & Helmberger 1998 ) is located very near the base of the tomographically imaged Samoa plume (Montelli et al. 2004) . Likewise, partial melt inferred to exist at the CMB east of Australia is probably related to a trio of plumes near Tasmania (Rost et al. 2005) . On a more general global scale, there is a statistically significant correlation between ULVZs at the CMB and hotspot surface locations . Therefore, it may be common for partial melt to exist in the lower mantle near the base of upwelling, thermal plumes.
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